The first step of proline biosynthesis is catalyzed by γ-glutamyl kinase (GK). To better understand the feedback inhibition properties of GK, we randomly mutagenized a plasmid carrying tomato tomPRO1 cDNA, which encodes proline-sensitive GK. A pool of mutagenized plasmids was transformed into an E. coli GK mutant, and proline overproducing derivatives were selected on minimal medium containing the toxic proline analog 3,4-dehydro-DL-proline (Dhp). Thirty-two mutations that conferred Dhp resistance were obtained. Thirteen different single amino acid substitutions were identified at 9 different residues. The residues were distributed throughout the amino-terminal two thirds of the polypeptide, but nine mutations affecting 6 residues were in a cluster of 16 residues. GK assays revealed that these amino acid substitutions caused varying degrees of diminished sensitivity to proline feedback inhibition and also resulted in a range of increased proline accumulation in vivo. GK belongs to a family of amino acid kinases, and a predicted three dimensional model of this enzyme was constructed on the basis of the crystal structures of three related kinases. In the model, residues that were identified as being important for allosteric control were located close to each other, suggesting that they may contribute to the structure of a proline binding site. The putative allosteric binding site partially overlaps the dimerization and substrate binding domains, suggesting that the allosteric regulation of GK may involve a direct structural interaction between the proline binding site and the dimerization and catalytic domains. Osmoregulation is of significance for agriculture, because water is a major limiting factor for crop productivity. Plants evolved a variety of mechanisms for adapting to environmental stresses, one of which is accumulation of proline under salinity, dehydration, or freezing environments (1,2). It has been proposed that proline plays an important role as a compatible solute, maintaining proper balance between the extracellular and intracellular osmolality.
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The GKs encoded by the tomPRO1 locus of tomato, the P5CS genes of Vigna aconitifolia, and grapevine (Vitis vinifera) have been demonstrated to be subject to feedback regulation by proline (14) (15) (16) . Roosens et al. (17) described the isolation of a salt-tolerant mutant of Nicotiana plumbaginifolia that lost proline feedback inhibition of the P5CS. Also, Hong et al. (18) reported a direct role of feedback inhibition of P5CS for proline accumulation by constructing transgenic plants that expressed a mutated version of the V. aconitifolia P5CS, whose prolinefeedback regulation was lost. These observations suggest that allosteric control of GK reaction also plays a key role in regulating proline synthesis in plants (16, 18) .
Studies with purified preparations revealed that the bacterial GKs and the plant P5CS enzymes are subject to feedback regulation by proline at very different sensitivities. For the bacterial GKs, the concentration of proline resulting in 50% inhibition of activity (apparent K i ) was in the range of 0.01 -0.1 mM (19) (20) (21) , whereas for the plant P5CS enzymes, the apparent K i was estimated to be ≥5 mM (16, 22) . Single amino acid substitutions have been first isolated in the GK of E. coli and S. marcescens which lessened or eliminated the sensitivity of the enzyme to allosteric control. These mutations resulted in proline overproduction in whole cells (19, (23) (24) (25) , providing the most compelling proof that feedback inhibition is indeed important for the regulation of proline synthesis in vivo. In a site-directed mutagenesis of the V. aconitifolia P5CS, Zhang et al. (22) showed that amino acid substitutions at positions 126 and 129 in the V.
aconitifolia P5CS abolished proline-feedback regulation. Other single amino acid mutations involving feedback regulation of GK have been recently reported in Streptococcus thermophilus
and Listeria monocytogenes (26, 27) . In all, eight amino acid residues have been identified in six organisms as being important for proline feedback regulation of GK (19, (22) (23) (24) (26) (27) (28) . However, because the three dimensional structure of GK has not been determined yet, there is no corroborating information about roles of specific amino acids in the allosteric binding site or other structure-function aspects of this protein.
On the basis of primary sequence similarity, GKs have been assigned to the so called although neither seem to have a perfect match to the respective consensus sequences (11, 14) .
The 3D structures for CK, CK-CPS, and NAGK are known (29) (30) (31) , and the assignment of the phosphate binding site has been supported by the sequence information. Omori et al. (32) identified a motif common to GKs and AKs, which they suggested to be part of the catalytic site.
This motif ("Region II" in Figure 1 ), which can be recognized in other members of the amino acid kinase family (see below), has been corroborated by the 3D sequence information to contain part of the nucleotide and amino acyl binding sites.
To identify residues in GK that contribute to allosteric regulation and to gain insights into the structure-function relationship of GK enzyme, we carried out random mutagenesis of tomPRO1 cDNA to alter the allosteric properties of the enzyme. The tomPRO1 clone, which has been isolated from a tomato cDNA library by complementation of a proB (GK) mutation in E.
coli, specifies GK and GPR as two separate polypeptides in two non-overlapping open reading frames, similar to prokaryotic operons (15) . Phylogenetic analysis revealed that the GK and GPR polypeptides encoded by the tomPRO1 locus are more similar to prokaryotic enzymes than to eukaryotic counterparts, suggesting that GK may have been incorporated into the tomato nuclear genome from a prokaryote by horizontal gene transfer (13) . Although unusual for eukaryotic transcripts, a similar bi-cistronic organization has been also observed in a locus specifying two subunits of another amino acid biosynthetic enzyme: carbamoyl phosphate synthetase in alfalfa (33) . The tomPRO1 GK seems to be suitable for the analysis of the determinants of allosteric control, because it is shorter by ~100 amino acid residues in its Cterminus than most other prokaryotic GKs. Based on sequence comparisons, this ~100 amino acid tail has been suggested to constitute an RNA binding domain (34) , but the relevance of this element to the activity or regulation of GK is unknown. The tomPRO1 GK is nevertheless contains the essentials for catalysis and is subject to proline feedback inhibition (15) . In this 6 work, we describe the identification and analysis of 13 different amino acid substitutions at 9 different positions in tomPRO1 GK that eliminated feedback regulation by proline and we discuss the possible roles of these amino acids in a predicted model structure of GK.
EXPERIMENTAL PROCEDURES
Culture Media _ Minimal medium used was M63 (35) containing 10 mM glucose and 0.1 mM thiamine . HCl, unless otherwise stated. M63 was supplemented, as indicated, with a mixture of 19 amino acids (19 aa), consisting of 0.2 mM of each of the protein-amino acids, except proline.
In media containing NaCl 0.6 M, we used an 18 aa mixture, which contained 0.2 mM of each amino acid, except proline and cysteine (because the latter amino acid has been shown to be inhibitory in media of high osmolality [36] ). Complex medium was Luria-Bertani (LB) (37), supplemented with 100 µg/ml Ap, as indicated. When used, the proline analog Dhp (Sigma, St.
Louis, MO) was present at 1.5 mM.
Isolation of Dhp-Resistant Mutants _ Basic techniques of DNA manipulation were carried out according to the procedures described by Sambrook et al. (38) . Plasmid pPRO1 is a derivative BluescriptKSII+ carrying the tomPRO1 locus (15) . To introduce mutations into the tomPRO1 GK, this plasmid was transformed into the E. coli mutator strain XL-1 Red (mutD mutS mutT) according to a supplier's instructions (Stratagene, La Jolla, CA). Transformants were inoculated to LB plates containing Ap and grown at 37 o for 26 to 32 hours. Plates containing the transformant colonies were taken up and pooled in 2 ml LB, and plasmids were isolated from the pooled transformants with the QIAGEN plasmid purification procedure (QIAGEN, Valencia, CA). This plasmid preparation was transformed into the E. coli proline auxotroph CSH26 (∆proBA) and transformants selected on LB Ap plates overnight. Over 2 x 10 4 transformant colonies were replicated to M63 + 19 aa plates containing Dhp and incubated at 30 o overnight.
7
Approximately 400 colonies that were able to grow on Dhp-containing plates were streaked again on the same medium. Dhp R derivatives that grew faster than CSH26 carrying wild type pPRO1 were tested on 18 aa plates containing 0.6 M NaCl, as a further step in identifying proline over-producing derivatives by virtue of their increased salinity stress tolerance (36) .
Pilot experiments indicated that increasing the concentration of Dhp above 1.5 mM did not change the frequency of Dhp R , suggesting that maximum Dhp uptake was accomplished at 1.5 mM. At this Dhp concentration, strain CSH26 carrying the wild type pPRO1 did not grow at all.
Re-transformation of the mutagenized plasmids into an E. coli proline auxotroph followed by subsequent screening for Dhp R enabled us to identify mutations in the plasmid-borne gene, as opposed to chromosomal loci, such the putA or proP (proline transport) genes, where mutations could also result in Dhp R (6) .
GK/GPR Coupled Assays _ Derivatives of strain CSH26 carrying the wild type or mutated pPRO1 plasmids were grown overnight in LB + Ap, and 0.1 ml samples were inoculated to LB Ap plates and grown overnight at 30 o . The lawn of cells was taken up in 5 ml of LB, sedimented by centrifugation, resuspended in 1 ml of 50 mM HEPES . KOH (pH 7.2) containing 10 mM dithiothreitol, 1 mM EDTA, 2 mM phenylmethylsulfonyl fluoride, and 100 µg/ml lysozyme.
The crude extracts were centrifuged, and the supernatants were used to measure GK/GPR coupled activity in 50 mM MOPS . KOH (pH 6.5), 8 mM MgCl 2 , 75 mM Na glutamate, 4 mM ATP, 0.4 mM NADPH, and various concentrations of proline, as described by García-Ríos et al. (15) . The GK/GPR coupled activity was determined as the rate of NADPH consumption (decrease in OD 340 ), and the enzyme specific activity was expressed as nmoles of NADPH HpaI site (data not shown). GPR-coding sequences were removed in this manner from three of the 32 mutant pPRO1 plasmids, and the resultant plasmids were transformed into E. coli proB mutant G13, which is deficient in GK but has GPR (41) . Each of these plasmids not only complemented the proB mutation of strain G13 strain but also conferred Dhp R (data not shown),
suggesting that the latter phenotype was due to mutation(s) within the GK sequence of tomPRO1. These data were consistent with the previous observations that single amino acid mutations in GK or the GK domain of bifunctional P5CS could result in proline analogresistance and loss of allosteric control (19, (22) (23) (24) (25) (26) (27) (28) .
Sites of the Mutations in GK _ The nature and location of mutations in the GK region of
tomPRO1 from each of the 32 plasmids were determined by DNA sequence analysis. Because previous mutations that conferred resistance to proline analogs have been reported to lie in the amino-terminal third of GK (19, (23) (24) (25) 27, 28) , initially, we concentrated on determining the nucleotide sequence of the N-terminal ~600 bases of the GK-coding region. Each plasmid had a single base-pair substitution in this region, resulting in an amino acid replacement (Table I) representing 13 different substitutions, was then determined, confirming that they had only a single amino acid substitution in the GK coding region that was caused by a single nucleotide change, except for Dr214. Of the 13 mutations, 11 were g/c ↔ a/t transitions and the other two were a → t/c transversions. Figure 1 shows the locations of the nine amino acid residues where replacements resulted in Dhp R phenotype. The identified amino acid residues were distributed throughout two thirds of the amino terminal of GK, although a cluster was readily apparent 1 1 between positions 147 to 162, where six of the target residues were concentrated. The facts, that some of the mutations were recovered multiple times and that some of the mutations resulted in the substitution of different amino acids at the same residue ( Table I ), suggest that we may have approached the saturation limit of mutations which could be generated in strain XL-1 Red resulting in a reduction in sensitivity to allosteric regulation while retaining sufficient catalytic activity for the synthesis of proline.
Enzymatic Confirmation That the Mutations Diminish Proline-Feedback Inhibition _ To test
whether Dhp R resulted from a loss of proline-feedback regulation in the 13 mutants that were sequenced, the GK/GPR coupled activities of the wild type and mutant enzymes were determined in cell-free extracts. Each of the mutant enzymes had lower specific activities compared to the wild type in assays carried out in the absence of proline (Table II) . The specific activities of the enzymes carrying mutations I79T, M94T, D147G, E153A, E153G, E153K, L154S, and S159P were 20 to 66% of the wild type activity. The most drastic reduction in specific activity was caused by the A62T, A62V, I149F, D162G, and D162N changes, suggesting that the residues at positions 62, 149, and 162 may have overlapping function in catalytic activity and allosteric regulation (see a section of 3D modeling below).
We also determined the effect of proline on the GK activity of the mutant enzymes. The proline-inhibition curve of the wild type enzyme was similar to the one observed previously with the purified enzyme (42) . In contrast, all of 13 mutants exhibited decreased sensitivity to feedback regulation. Figure 2 shows the proline-inhibition curves in nine representative mutants.
While the apparent K i for proline of the wild type enzyme was about 0.09 mM, the apparent K i of mutants ranged from 1.9 to 310 mM (Table II) , representing a 20-to 3500-fold increase.
In order to verify that the Dhp R phenotype indeed was due to increased intracellular proline levels and to check whether the proline levels were correlated with the residual feedback regulation of GK, the total amounts of proline (cellular + excreted into the medium) were measured in E. coli strains carrying the wild type or mutant versions of pPRO1. As can be seen 1 2
in Table II , proline levels in mutants were 10 to 1000-fold greater than in the wild-type, indicating that in all the mutants, the Dhp R phenotype was the consequence of proline overproduction. In general, there was a good correlation between the degree of deficiency in proline feedback regulation and the proline levels produced by the strains. The I79T, I149F, and S159P
substitutions, which caused the least disruption of allosteric regulation (apparent K i = 1.9, 20, and 19 mM, respectively), resulted in the lowest proline production (10 to 25-fold increase over the wild type), and conversely, the L154S and E153K substitutions, which caused the most severe loss of allosteric control (apparent K i = 90 and 310 mM), conferred the highest production of proline (~900-fold increase). This generalization, however, does not hold for all of the mutants. The apparent K i of the GKs containing the A62V and M94T substitutions was comparable to that of mutants containing the I79T, I149F and S159P substitutions, but the former two mutations resulted in a ~4-to 19-fold higher production of proline compared to that caused by the latter three mutations. The D147G substitution increased the apparent K i to 180
mM, but caused lower production of proline than did the L154S substitution. Because it is possible that the mutations altered not only the allosteric properties of GK but also its in vivo stability or interaction with GPR, it will be necessary to carry out assays with purified GK in order to fully characterize the effects of the mutations on the enzyme.
Growth rates of mutants in the presence of Dhp were also determined. All mutants showed 2 to 3-fold faster growth rate than wild type in the presence of this anti-metabolite (Table   II) . The growth rate in the presence of Dhp was well correlated with the proline levels: strains expressing the GK with the I79T, I149F and S159P substitutions, which produced the lowest proline levels, also showed the lowest growth rate. However, E153K and L154S, which proline over-production might be accentuated by combining pairs of mutations, we introduced the A62T mutation in combination with the D147G, E153K, L154S and D162G mutations.
However, none of the combinations of double mutations A62T/D147G, A62T/E153K, A62T/L154S, and A62T/D162G resulted in further enhancement of proline overproduction that would be consistent with an even greater loss of allosteric feedback regulation (data not shown).
A Cluster of Allosteric Mutations in the Region Between Residues 147-162
_ We generated at least 13 different amino acid changes that diminished or eliminated the sensitivity of the tomPRO1 GK to feedback inhibition by proline. Figure 3 shows the alignment of 21 GKs from various species in the region corresponding to positions 147 to 162 of the tomPRO1 GK, where we obtained 6 substitutions giving rise to Dhp R . The cluster of residues identified here might be a part of the allosteric regulatory domain. In all sequences, the residues at positions corresponding to 147 and 162 of tomPRO1 are invariably aspartates. The fact, that mutations at both of these positions (D147G and D162G; Table I ) diminished sensitivity to feedback regulation but did not eliminate catalytic activity, suggests that these highly conserved aspartates might be important for allosteric regulation. Two other mutations were I149F and L154S.
Positions corresponding to 149 and 154 show a characteristic preference for Ile, Leu, Met or Val in most GKs (except for the ProB enzyme of B. subtilis); mutation of these hydrophobic amino acids resulted in loss of allosteric control. Two other targets for our mutations were at residues 153, and 159, which are highly variable among species. Conceivably, these amino acids could make species-specific contributions to the feedback regulation that may be dependent on the context of other residues or might be required for the overall folding of the enzyme.
The fact that we obtained three different amino acid replacements at the highly variable position 153 (Table I) , points out an intriguing aspect of the relationship among GK enzymes.
One of these mutations changed the Glu to Ala. The identical substitution had been isolated at the corresponding site of the GK of E. coli (position 143 in that polypeptide) (25) . This replacement resulted in an 80-to 100-fold decreased sensitivity to proline feedback inhibition the both in tomPRO1 GK and the E. coli enzyme, as judged by an increase in their apparent K i .
A second mutation at position 153 in tomPRO1 GK introduced Lys, resulting in a change of charge from -1 to +1. GK sequences of the plant P5CS enzymes invariably contain a positively charged amino acid (Lys or Arg) at this position, whereas most of the bacterial GKs have negatively charged residues (Asp or Glu) here (Figure 3) . The presence of a Glu at this site in the tomPRO1 GK is consistent with our classification of that protein as being more similar to the prokaryotic type GKs than to the eukaryotic P5CS enzymes (13) . Interestingly, the E153K substitution caused the most marked loss of feedback inhibition in tomPRO1 GK, as indicated by the highest value of apparent K i (Table II) . The ~50-fold lower affinity of the plant P5CS enzymes for proline as an inhibitor compared to that of the prokaryotic type GKs (please see Introduction) might be due to the positively charged amino acid at the site corresponding to position 153 in the tomPRO1 GK. It is possible that during evolution, the plant P5CS enzymes acquired and fixed a residue at this position which diminished their sensitivity to allosteric control, as compared to the primordial prokaryotic type GKs, resulting in a higher capacity for the accumulation of proline in plants during osmotic stress.
B. subtilis has two GKs: ProB, which is constitutive, and ProJ, which is induced by osmotic stress (43) . This organism elevates its proline levels upon osmotic stress by increased de novo synthesis. It has been hypothesized that the ProJ enzyme might be insensitive to allosteric feedback inhibition by proline (43) . With the exception of the B. subtilis ProJ enzyme and the C. glutamicum enzyme, all other prokaryotic GKs have an acidic residue at position 153. The B.
subtilis ProJ enzyme contains a basic amino acid (Arg) at this position, making it similar to the plant enzymes. However, the possibility that the B. subtilis ProJ enzyme has atypical allosteric properties among prokaryotic GKs has not yet been investigated.
A third mutation at position 153 was Glu → Gly (Table I) . It is noteworthy that C. glutamicum already carries a Gly at the corresponding position (Figure 3 ), but there is no information concerning the allosteric regulation of the enzyme from this organism. recorded high scores of E-values using CK, CK-CPS, and NAGK as modeling template for tomPRO1 GK (E values between e-14 and e-26 in 3D-PSSM program), the resultant hypothetical model could provide useful insights into the structure and regulation of this enzyme. However, it should be borne in mind that with the current status of protein structure calculation, this predicted model is highly speculative, and may be dependent on the modeling approaches used.
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As might be expected from the similarities in the primary sequence of CK, CK-CPS, and NAGK and in the reactions they catalyze, these enzymes exhibit high degree of structural resemblance. All three are homodimers, made up of subunits that have open α/β structures composed of 16 β strands and 8 α helices, which are nucleated by a central β sheet of eight main strands sandwiched between two layers of α helices. Each subunit can be divided into N-and Cterminal domains, split by a large crevice. The N-terminal domain contains the amino acyl substrate binding site and entire dimer interface, the C-terminal portion has the nucleotide binding site, and the crevice constitutes the site for phosphate transfer from nucleotide to the carboxyl group. As shown in Fig. 4 , the threading model predicted a structure made up of eight strands of the main β sheet surrounded by α helices in tomPRO1 GK, similar to those seen in CK-CPS. The conservation of eight strands of the main β sheet and the surrounding α helices is consistent with a proposal that the amino acid kinase family of enzymes share this basic characteristic (31) . Therefore, it is likely that tomPRO1 GK catalyzes phosphoryl group transfer with similar amino acyl and ATP binding domains as CK-CPS. GK may form dimers with similar interfacial elements as the other three enzymes, although there are conflicting reports as to whether GK forms dimeric or hexameric structures in different organisms (20, 44) .
In addition to the 9 residues in tomPRO1 identified in this study, 7 other residues, corresponding to positions 115, 117, 118, 127, 150, 152 and 198 in tomPRO1 GK (Figure 4 ), were shown to be important for allosteric regulation of GK or P5CS from other organisms. With the exception of residue 198, all of the other residues are located within the region that corresponds to the N-terminal domain of the CK-CPS (residues 1-175 of tomPRO1 GK). The cluster of mutations between 147 and 162 was localized to a sequence corresponding to the region that encompasses the interval between β9-β10 and the interval between β11-αF of CK-CPS, which consists of a large loop containing hairpin β motif of β10 and β11. The three mutations that are between positions 115 to 118 in tomPRO1 GK can be mapped to the region that includes the β4-β5 interval and β5 of CK-CPS. This region, which exhibits different secondary structure between CK-CPS and NAGK, corresponds in CK-CPS to the junction 1 7
between a hairpin β motif of β4 and β8 and the peripheral domain and in NAGK to part of a hairpin β motif of β6-β7. Residues 115 to 118 and 147 to 162, where most of the mutations are concentrated, are folded very close to each other within our putative 3D structure of the GK (Figure 5 ), suggesting that they may constitute part of the proline binding site. This putative allosteric regulatory domain corresponds to a region of a small sheet consisting of the two sets of antiparallel strands (β11-β10 and β4-β8 in CK-CPS, β9-β10 and β7-β6 in NAGK) and a junction to a peripheral protruding domain in CK-CPS and a loop in NAGK that is emerging from the sheet. This region shows one of the major differences among the enzymes of the amino acid kinase family. The variation in the structures was interpreted to reflect differences of binding of the various substrates (31) . We propose that the structural differences in this domain in GK, as compared to other family members, might also reflect the diversity in the regulatory properties of the enzymes. The E. coli NAGK is not an allosteric enzyme (although the orthologous enzyme from Pseudomonas aeruginosa and other bacteria is subject to feedback regulation) (45) , and there are no reports on the feedback regulation of CK or CK-CPS. Thus, when the structure of GK is available, it will be interesting to compare the features that determine the allosteric properties of these related enzymes.
The predicted allosteric domain in tomPRO1 GK appears to be arranged to be able to make direct connection between the dimer interface and the substrate binding site. In fact, several residues within the regulatory domain can be assigned to residues of CK-CPS that play a (21), is consistent with the suggestion that there is an interaction between the proline binding site and other parts of the molecule that determine subunit interaction, as suggested by our model.
The exceptional residue 198 is in the putative C-terminal domain, which has been suggested to be involved in nucleotide binding. Because it has been reported that ATP and proline bind independently (20, 22) , and because the predicted ATP binding region is distant from the proline binding motif in our proposed structure, the mutation at this position may influence effector binding in an indirect manner. It may be noted that the mutation at residue 198 actually caused a 4.5-fold increase in the specific activity of the enzyme, along with only a minor (~2-fold) increase in the apparent K i for proline (26) .
Two conserved regions, I and II (Fig. 1) , have been suggested to be involved in phosphate and nucleotide binding in GKs, respectively (32) . Region I corresponds to sequences located in αB of CK-CPS, and region II corresponds to sequences contained in structures αF to β12b in CK-CPS (Fig. 4) . The latter contains the loop that forms most of the ATP binding site (β12-β13 loop in CK-CPS). These structural elements for Domains I and II are well conserved within the amino acid kinase family, suggesting that they constitute an important structure for ATP binding and phosphate transfer. The fact that these two conserved regions were arranged within a central core rather than two distant loops or unstructured domains corroborates the relevancy of our model. a Clones whose complete sequence of GK region was determined are underlined.
b Dr214 also has a silent mutation (g to a) at nucleotide position 722. 
